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| INTRODUC TI ON
Interpregnancy interval, the time from delivery until start of a subsequent pregnancy, has consistently been associated with perinatal health outcomes.
1 Meta-analysis has shown that interpregnancy intervals of less than 6 months are associated with a 40% increased odds of delivery before 37 weeks' gestation, and 26% increased odds of small for gestational age birth compared with intervals of 18-23 months. 1 Interpregnancy intervals of 6-11 and 12-17 months are also associated with increased risks for these outcomes. As a result, the proportion of births delivered after an interpregnancy interval of less than 18 months is monitored as a Healthy People 2020 Indicator, 2 and the American College of Obstetricians and
Gynecologists currently states that "the optimal interval between delivery and subsequent pregnancy is 18 months to 5 years."
3
Much of the literature on interpregnancy interval comes from low-to middle-income countries, where women's baseline nutritional status, health, and health care differs substantially from women in the United States (US). 1 It is unclear whether the associations between short interpregnancy interval and adverse health outcomes, which are believed to be mediated, at least partly, through nutritional depletion 4 are comparable between these populations. In
September 2017, the US Department of Health and Human Services
Office of Population Affairs convened an expert workgroup to review available evidence on birth spacing (ie, interpregnancy interval) and pregnancy outcomes within high-resource settings. The expert workgroup recognised the inherent challenges of using observational data to disentangle the effects of interpregnancy interval from underlying socio-economic factors, pregnancy intention, and access to health services, but nevertheless agreed that the inferences drawn from observational studies could be improved by addressing a number of other methodological shortcomings.
The goal of this review is to outline good practices identified by the expert workgroup for the design, analysis, and interpretation of observational studies of interpregnancy interval and perinatal outcomes, with the aim of improving the quality of evidence available for public health recommendations on birth spacing in the United
States. We first discuss good practices for all observational studies on interpregnancy intervals, and then discuss additional considerations for studies employing a sibling comparison design. We focus primarily on research studies that investigate the causal effect of short interpregnancy interval following a live birth on adverse perinatal outcomes. Our good practices outline builds upon the more general guidelines for reporting observational studies that have been published and updated (STROBE statement). 5 The recommendations contained herein are based upon expert opinion and general epidemiological literature; they are not based on new empirical data from analyses we conducted on interpregnancy intervals and adverse pregnancy outcomes.
This manuscript is part of a theme issue on the Office of Population Affairs' expert workgroup meeting on birth spacing and adverse pregnancy outcomes, which includes a separate summary of the overall meeting proceedings.
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| RE S E ARCH OBJEC TIVE
| Clearly specify the research question
There are multiple questions of interest within the general topic of interpregnancy interval and adverse birth outcomes. Typically, researchers are interested in isolating the physiological effect of interpregnancy interval on health outcomes (eg, "does a short interpregnancy interval cause an adverse birth outcome?"). However, researchers may also seek to establish whether interpregnancy interval is a predictor of adverse birth outcomes to help identify higher-risk patients in antenatal care (eg, "is short interpregnancy interval predictive of adverse birth outcomes?").
Being clear about the study's specific research question is important because the analytic approach needed to answer each question differs. For example, if the goal is to isolate the total causal effect of interpregnancy interval on adverse perinatal outcomes, researchers should ensure that they have controlled for all other "open backdoor" pathways between interpregnancy interval and adverse outcomes created by confounders, 11 such as socioeconomic position and pregnancy intention. It is also advisable to consider the target trial that the observational study seeks to emulate (eg, eligibility criteria, treatment definition, follow-up, outcome, causal contrast). 12 For predictive questions, however, the timing of when information for each variable becomes available in the real world setting is critical. 13 For example, if the goal is to identify whether interpregnancy interval can be used to predict women at increased risk of adverse pregnancy outcomes, such as preterm birth at the time of a first prenatal visit, it is problematic to include variables that only become available at the time of delivery (such as total pregnancy weight gain or infant birthweight).
In addition, factors that are not confounders but are highly predictive should be included in the predictive model. Misaligning the analytic plan with the specific research question may result in study estimates that fail to answer the question of interest.
| If the goal is to estimate a causal effect, the
hypothesised relationships between study variables should be explicitly described
Directed acyclic graphs (DAG) are recommended as a conceptual framework to delineate these relationships and inform the choice of variables to include in adjusted analyses. 14, 15 In addition, DAGs show how bias can be introduced by controlling (through adjustment, matching, stratification, or restriction) for variables that are common mediators between interpregnancy interval and adverse pregnancy outcomes. For example, in a study seeking to evaluate the effect of interpregnancy interval on the risk of subsequent preterm birth, adjustment for prepregnancy body mass index (BMI) at the start of the subsequent pregnancy may be inappropriate (illustrated in Figure 1 ). This is because women with a short interpregnancy interval have had less time to lose their pregnancy weight postpartum; thus higher prepregnancy BMI at the start of the subsequent pregnancy may be in the causal pathway between short interpregnancy interval and preterm birth. Mapping out hypothesised relationships can also inform data collection and highlight potential concerns regarding confounding from unmeasured variables.
| S TUDY DE S I G N
| Consider quasi-experimental designs
The expert workgroup recognised that conventional observational studies with adjustment for measured confounders may fall short of fully eliminating confounding arising from underlying socioeconomic factors and differences in access to health care services.
Researchers should consider quasi-experimental designs, such as interrupted time series and difference-in-differences analyses, as alternative strategies to control for confounding. 16 The rationale behind quasi-experimental designs is that changes in policies or clinical practice can sometimes create the structure of a natural experiment 
| CHAR AC TERIS ING THE INTERPREG NAN C Y INTERVAL
| Use interpregnancy interval (birth to start of next pregnancy), rather than interbirth interval (birth to birth)
Interbirth interval is determined in part by the duration of a woman's subsequent pregnancy. As pregnancies that result in adverse perinatal outcomes (such as stillbirth or preterm birth) are often shorter than those resulting in healthy deliveries, 19, 20 there is a direct correlation between short interbirth interval and adverse outcomes that is independent of any causal effect of interpregnancy interval. This potential for bias does not occur when using the measure of interpregnancy interval. Further, interpregnancy interval better approximates the modifiable health behaviour of interest, the duration of time after delivery that women at risk of pregnancy use contraception correctly and consistently to prevent pregnancy.
| Account for non-linear associations
Both short and long interpregnancy intervals have been linked with increased risks of adverse perinatal outcomes. 1 Modelling interpregnancy interval as a continuous linear variable in multivariable regression will not capture this pattern and will produce a biased estimate of the association between short interpregnancy interval and adverse outcome that is attenuated towards the null. 24 Instead, this reverse J-shape association should be analysed using non- 
| Assess how miscarriages and pregnancy terminations may have influenced interpregnancy interval classifications
Pregnancy losses prior to 20 weeks' gestation (eg, miscarriages and pregnancy terminations) are not reliably captured in population registries or individual-level surveys used to study interpregnancy interval. 29 In the absence of this information, interpregnancy interval is calculated as the time from delivery until start of the subsequent pregnancy lasting past 20 weeks' gestation, not necessarily the subsequent pregnancy. 30 For a woman with an intervening pregnancy loss, her interpregnancy interval will be longer, as it incorporates the time from loss to when the woman became pregnant again, 31 and inclusion of these women may no longer reflect the target population for whom advice on interpregnancy interval planning is intended.
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Sensitivity analyses should be undertaken to assess the potential influence of intervening early pregnancy loss on the interpregnancy interval-adverse outcome association. Ideally, analyses should be repeated in a cohort with presumed accurate classification of interpregnancy interval (ie, women with no intervening miscarriages or terminations). As such detailed data are rarely available, this cohort should be recreated as closely as possible using additional available data such as gravidity (the number of times a woman has been pregnant); for example, a cohort of women whose gravidity matches parity. However, early miscarriages may be undetected by a woman, and still be correlated with other poor pregnancy outcomes. Researchers should highlight these limitations of their analyses and moderate their interpretation of results accordingly.
| ACCOUNTING FOR COVARIATE S
| Consider the potential for effect measure modification
The expert workgroup identified several factors that could potentially modify the association between interpregnancy interval and adverse health outcomes. to make inferences about departures from additive effects; rather, they should also examine the clinical or public health importance of any differences.
| Address the roles of maternal socioeconomic position, previous perinatal loss, and pregnancy intention
As in any epidemiologic study, researchers should ensure that they identify and account for all key covariates that could confound the association between interpregnancy interval and adverse perinatal outcomes. In doing so, researchers should ensure that they specifically consider the role of three key causes of adverse perinatal outcomes known to be strongly associated with short interpregnancy interval: maternal socio-economic position, previous perinatal loss, and pregnancy intention.
Women of lower socio-economic position are considerably more likely to have shorter interpregnancy intervals, and this position is also a risk factor for adverse pregnancy outcomes. 33 This creates a potential for confounding and effect measure modification (as discussed above).
Women experiencing a perinatal loss (neonatal death or stillbirth) are more likely to subsequently have a short interpregnancy interval than women with a live infant. 34 If there is an underlying condition causing adverse outcomes in both pregnancies, this could create a spurious link between short interval and adverse outcome in the subsequent pregnancy. Depending on the research question, it may be preferable to restrict the study cohort to women whose pregnancy preceding the interpregnancy interval did not end in stillbirth or neonatal death. Previous methodological work on the role of past reproductive history may be useful in establishing the best approach to account for past perinatal loss. 35, 36 Pregnancies following short interpregnancy intervals are disproportionately more likely to represent unintended pregnancies, 37 which have previously been linked with increased risks of adverse perinatal outcomes. 38 Although pregnancy intention is a complex construct that is challenging to measure, and may be closely interwoven with socio-economic position and culture, efforts should be made to ensure that consequences of unintended pregnancy on perinatal health are not incorrectly attributed to a causal effect of short interpregnancy interval.
Many data sources, such as US Natality files, will not have measures of each of these above factors or will only measure women's socio-economic status at the time of the interview, limiting the value of these data sources to adequately isolate the effects of interpregnancy interval.
| Be clear about the timing of measurement for each variable
Values for many covariates such as maternal age, smoking status, prepregnancy BMI, and co-morbidity status (gestational diabetes, preeclampsia) may differ between the time of an initial and subsequent pregnancy. When establishing and reporting analytic plans, researchers should specify at which time point a variable was measured. Clarifying when a variable was measured is essential for determining whether the appropriate adjustment strategy was used.
A useful exercise to determine the most appropriate covariates to include in the analysis, based on the timing of their occurrence, is to imagine how the research question would be answered using a hypothetical randomised clinical trial. 39 In such a trial, randomisation would be expected, on average, to produce two groups that are In an observational study, the balancing of study groups would be achieved by confounder adjustment, such as through multivariable regression (or other methods such as propensity score analysis and latent variable analysis), rather than randomisation. As a result, covariates measured at the time of or prior to the initial delivery, rather than during the interpregnancy interval or subsequent pregnancy, will be the most appropriate for inclusion in adjusted analyses. This is particularly important for maternal age, as outlined below. As a general principle, it is beneficial to address these issues at the design stage rather than at the time of statistical analysis.
| Be thoughtful about adjusting for maternal age at second pregnancy
Maternal age at subsequent pregnancy is the direct result of a woman's age at the initial delivery and the length of the interpregnancy interval. For example, adolescent mothers at the time of their second pregnancy will necessarily have had a short interpregnancy interval in order to have had their second child while still under 20 years of age. A study on interpregnancy interval restricted to adolescent mothers giving birth to their second child will, by design, have been enriched for births preceded by short interpregnancy intervals. For most research questions, only maternal age at the initial pregnancy should be controlled for (ideally at the time of delivery), as this better reflects the time point at which differences in age distributions between groups should be made comparable. For studies using the publicly-released data of the US Natality files, for instance, this may require access to restricted variables (such as month and year of mother's birth, rather than age in years) to more precisely calculate a woman's age at her previous pregnancy.
Interpregnancy interval, maternal age at initial delivery, and maternal age at subsequent delivery are multi-collinear and should never be included simultaneously in a regression model. If included as continuous variables, they will be perfectly collinear and one variable will be inestimable. While categorisation or rounding of these variables may allow all three to be added simultaneously, estimates will be highly unstable. Additionally, models will be incorrectly specified as only maternal age at index delivery meets the definition of a confounder because it precedes the interpregnancy interval.
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6 | REP ORTING RE SULTS
| Present results in both absolute and relative terms
Reporting the risk associated with an exposure exclusively in relative terms (eg, using measures of effect such as the odds ratio or risk ratio) can lead patients, providers, and policy-makers to overestimate its harm (or benefit). 42, 43 Studies of interpregnancy interval should, if possible, report the absolute risks of adverse outcomes between different interpregnancy interval categories using risk differences (ie, excess number of cases per 100 deliveries) in addition to or instead of relative measures. Absolute probabilities may be more useful for patient counselling on the consequences of short interpregnancy interval. Adjusted risks and risks differences with 95% confidence intervals can be readily calculated using the "margins" command in R or Stata; in SAS, a macro may be needed.
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| Exercise caution in interpretation
Public health recommendations on birth spacing reflect a balancing of risks associated with both short and long interpregnancy intervals. However, studies of interpregnancy interval and adverse outcomes, conducted among women with two or more births, miss an important consequence of delaying a subsequent pregnancy:
that the rise in age-related infertility may prevent the occurrence of a second birth. 44 Thus, researchers should be cautious about making statements about optimal intervals based solely on their findings in a study associating interpregnancy interval with adverse outcomes among women who had two or more births.
| S IB LING COMPARISON S TUDIE S
The expert workgroup discussed study design issues specifically relevant to sibling comparison studies, that is studies that use a woman as her own control by comparing the interpregnancy intervals and perinatal outcomes of a woman's different pregnancies (siblings). As illustrated in Figure 2 , sibling comparison studies of interpregnancy interval are necessarily restricted to women with three or more pregnancies (ie, two or more interpregnancy intervals). The design takes advantage of the fact that siblings are typically exposed to similar family conditions (genetic or environmental), and enables researchers to eliminate the effects F I G U R E 2 Schematic contrasting the sibling comparison design (withinwoman) with the conventional betweenwomen cohort design in the study of interpregnancy interval (IPI) of any confounding characteristics that remain constant within a woman, but are difficult to measure or control for using standard regression approaches (such as some aspects of socio-economic position or family disease history). 45, 46 Despite enthusiasm for the design's ability to control for difficult to measure confounders, the expert workgroup agreed that the credibility of assumptions underlying this design and generalisability of results require more investigation.
| Assess the generalisability of the cohort used in the sibling analysis
The sibling comparison design analyses the study cohort as a series of matched pairs, where typically siblings from a woman's second and third pregnancy (ie, the births following the first and second interpregnancy interval, respectively) are compared to each other.
As with any matched-pair design, only pairs that are discordant with respect to exposure and outcome contribute to the overall estimate of effect. 47 Most adverse perinatal outcomes are relatively rare, so only a small fraction of siblings will be discordant with respect to the study outcome. For example, an outcome with a risk of approximately 10% (such as preterm birth or small for gestational age birth) will, by definition, theoretically have a maximum of 20% of women experiencing discordant outcomes in their two pregnancies.
As some women experience adverse outcomes in both pregnancies, this percentage will be even lower. The cohort of siblings used to generate estimates of the exposure-outcome association is therefore markedly smaller than the entire cohort of eligible sibling pairs A direct comparison of the effect estimate, such as an odds ratio, of an association between interpregnancy interval and an adverse perinatal outcome between a sibling design vs a cohort design should be avoided. 48, 49 A sibling design analysed using a conditional logistic regression model is regarded as a "subject-specific" model.
In contrast, an association estimated from a cohort analysis depicts a model of the "marginal means," producing a population-averaged estimate. Odds ratios estimated from a subject-specific regression approach will be smaller, on average, than one estimated from a population-averaged model. 50 The interpretation of effect measures from a subject-specific and population-averaged models differ, and consequently, do not enable a direct head-to-head comparison, and, as previously discussed, the study populations used to derive the estimates differ.
| Keep exposures and outcomes continuous when possible
As 
| Adjust for confounders that vary between pregnancies
The sibling comparison design controls for confounders that remain constant across a woman's pregnancies (eg, race/ethnicity), but does not control for characteristics that vary across a woman's pregnancies. 
| Examine potential carry-over effects
The validity of conclusions drawn from a sibling comparison design rests on an assumption that the pregnancy conditions and outcomes following a woman's first interpregnancy interval are wholly independent from those of pregnancies following a subsequent interpregnancy interval, conditional on measured confounders. In addition to the pregnancies having to be exchangeable with respect to covariates, there can also be no carry-over effect of the exposure itself. 47 The extent to which this assumption holds for sibling com- Although it is difficult to prove the validity of this assumption, researchers can explore its plausibility in several ways. First, they can present results stratified by birth order to confirm that estimates remain similar irrespective of whether the short interpregnancy interval was a woman's first vs second interval. More formally, they can include a product term between interpregnancy interval and birth order to test for effect measure modification by birth order.
| Assess the validity of the positivity assumption
Valid estimates of the average causal effect of interpregnancy interval on health outcomes depend on an assumption that the condition of positivity is met. with levels of covariates will help to visualise the number of sparse or empty cells as an indicator of low probability data for each cell.
Based on these findings, the extent to which the positivity assumption is likely credible for a given research question should be explicitly discussed.
| CON CLUS ION
Despite the large body of research linking interpregnancy interval and adverse birth outcomes, a recent expert workgroup concluded that high-quality evidence to inform public health recommendations on birth spacing is limited due to methodological limitations of existing studies. Observational research in this field poses numerous challenges, most notably controlling for confounding by socio-economic position and other factors. This commentary outlines the discussions of this recent expert workgroup, and describes several suggested principles for study design and analysis that could mitigate many potential sources of bias. These recommended principles will also be useful in understanding the strengths and limitations of new publications and for determining the risk of bias when selecting studies for statistical meta-analysis.
Increasing the methodological rigour in the design and analysis of research on interpregnancy interval will greatly improve the inferences that can be drawn from this work, and ensure that future clinical and public health recommendations for birth spacing in the United States, and elsewhere, can be informed by the best possible estimates of the causal effects of interpregnancy interval on maternal and newborn health.
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